The xdhR gene encodes a TetR-family regulator in Streptomyces coelicolor. However, little is known about the function of XdhR in regulating actinorhodin production. Here, we report that XdhR negatively regulates actinorhodin biosynthesis in S. coelicolor. Deletion of xdhR resulted in overproduction of actinorhodin by approximately 2.5-fold compared to the wild-type strain. Complementation of the xdhR deletion strain restored actinorhodin production to normal levels. In addition, the relative expression levels of actinorhodin cluster genes were all significantly increased in the xdhR deletion strain compared to the wild-type strain. XdhR can specifically bind the promoters of actII-4 and actII-1, two pathway-specific regulators of actinorhodin biosynthesis. These results suggest that xdhR negatively controls actinorhodin biosynthesis by directly regulating actII-4 and actII-1 in S. coelicolor.
INTRODUCTION
Streptomyces species produce plenty of important, bioactive secondary metabolites, and many of these secondary metabolites have been widely applied in fields such as medicine, agriculture and animal husbandry (Challis and Hopwood 2003) . The model strain Streptomyces coelicolor has been reported to produce numerous secondary metabolites, many of which are employed clinically as antibiotics (Nodwell 2007) . The complete genome sequence of the model strain S. coelicolor A3(2) was published in 2002 (Bentley et al. 2002) . Research has shown that there are 29 gene clusters involved in secondary metabolism synthesis in S. coelicolor A3(2), and many secondary metabolites have been isolated from this species, such as the antibiotic actinorhodin (ACT), calcium-dependent antibiotic, methylenomycin, undecylprodigiosin, cryptic type I polyketide and novobiocin (Dangel et al. 2010; Gomez-Escribano and Bibb 2011; Gomez-Escribano and Bibb 2012; Liu et al. 2013) .
The ACT biosynthetic pathway and genes involved in ACT biosynthesis have been clearly defined. The whole ACT biosynthetic gene cluster of S. coelicolor spans over 25 kb and contains seven gene regions encoding proteins relevant to ACT biosynthesis (Taguchi et al. 2000) . The ACT I region encodes the minimal polyketide synthase (PKS; Hopwood 1997), the ACT III region encodes a ketoreductase (Hallam, Malpartida and Hopwood 1988) , the ACT VII region encodes an aromatase (Fernandez-Moreno et al. 1992 ) and the ACT IV region encodes a cyclase (FernandezMoreno et al. 1992) ; these enzymes are involved in producing the bicyclic intermediate of ACT, which is subject to post-PKS modifying steps to produce the final ACT (Taguchi et al. 2000) . The ACT VI region, located near the left end of the ACT cluster, was deduced to be involved in pyran ring formation (FernandezMoreno et al. 1994) . The ACT II region consists of four open reading frames (ORFs), including the transcriptional activator ACT II-ORF4 (annotated as sco5085), which activates the biosynthetic genes, and genes ACT II-ORF1/2/3, which control antibiotic export (Fernandez-Moreno et al. 1991) . ACT II-ORF1/2/3, which were respectively annotated as sco5082, sco5083, sco5084, sco5083 and sco5084, form an operon, and the sco5083/sco5084 promoter is strongly repressed by ACT II-ORF1, which also represses its own promoter (Caballero, Malpartida and Hopwood 1991) .
There are two ACT pathway-specific regulators in S. coelicolor, ActII-1 and ActII-4. ActII-1, a member of the TetR family, was reported to be a repressor of ACT biosynthesis (Caballero, Malpartida and Hopwood 1991; Hillerich and Westpheling 2008; Iqbal et al. 2012) . ActII-4, a member of the SARP family of regulators, is the pathway-specific activator of the ACT biosynthetic gene cluster (Fernandez-Moreno et al. 1991 ). An increase in actII-4 expression was followed by transcription of the biosynthetic structural genes ACT III and ACT VI-ORF1, and by the production of ACT (Gramajo, Takano and Bibb 1993) . However, there are no reported studies on how the two pathway-specific regulators regulate the entire ACT biosynthetic gene cluster. At present, the mechanisms for global regulation of ACT biosynthesis are still unclear.
The xdhR gene in S. coelicolor encodes a TetR-family regulator (Hillerich and Westpheling 2008; Sivapragasam and Grove 2016) . The TetR-family, a common class of transcriptional regulators, contains more than 2000 members in many bacteria; however, only about 100 have been characterized (Ramos et al. 2005) . It has been reported that the S. coelicolor genome contains 151 predicted TetR-like transcriptional regulators (Bentley et al. 2002; Ramos et al. 2005) , of which Act II and CprB repress ACT biosynthesis, AtrA positively regulates ACT biosynthesis (Uguru et al. 2005) , Pip and PqrA repress drug resistance genes and ScbR represses synthesis of γ -butarylactone (Aigle et al. 2000; Caballero, Malpartida and Hopwood 1991; Folcher et al. 2001; Takano et al. 2001) .
Previous research showed that deletion of the xdhR open reading frame from S. coelicolor resulted in mutants that failed to produce mature spores but that overproduced ACT (Sprusansky et al. 2003) . The XdhR was reported to be a DNA-binding protein that represses xdhR and sco1134 by interacting directly with their intergenic region, which contains the apparent transcription start sites for both genes (Hillerich and Westpheling 2008) . Recently, it is reported that XdhR is a direct target of ppGpp to regulate the expression of xanthine dehydrognase genes xdhABC (Sivapragasam and Grove 2016) . In this study, we investigated the role of XdhR in regulating ACT synthesis. Our results reveal XdhR negatively controls actinorhodin biosynthesis through specifically regulating actII-4 and actII-1 in S. coelicolor M145.
MATERIALS AND METHODS

Strains, plasmids and culture conditions
Escherichia coli strains were grown in Lysogeny Broth (LB) or on solid LB plates at 37
• C. The strains, plasmids, media and culture conditions of Streptomyces coelicolor were performed as described previously (Fu et al. 2013; Gust et al. 2003) . When needed, apramycin (Apra, 50 μg/mL), hygromycin (Hyg, 50 μg/mL), kanamycin (Kan, 50 μg/mL), ampicillin (Amp, 100 μg/mL) or nalidixic acid (Nali, 20 μg/mL) were added. The plasmids and strains used in the present study are listed in Table 1 .
PCR-targeted mutagenesis of xdhR
The procedure used to disrupt the xdhR ORF was based on the polymerase chain reaction (PCR)-targeting method modified for Streptomyces (Gust et al. 2003) . The plasmid pIJ773 was the template for PCR amplification of the disruption cassette containing the apramycin-resistant gene aac(3)IV. The PCR product amplified by primers 1135-Target-Forward/Reverse (Table S1 , Supporting Information) was used to disrupt xdhR. Cosmid 7B11, which contains xdhR with 8 kb of upstream sequence and 26 kb of downstream sequence, was obtained by screening a cosmid library of the S. coelicolor genome. Cosmid 7B11 was then transformed into E. coli BW25113/pIJ790, following a second transformation with the above PCR product to obtain the derivative cosmid 7B11-xdhR containing the xdhR-disrupted cassette. Finally, the mutant cosmid was introduced into non-methylating E. coli ET12567/pUZ8002 by electroporation before conjugation into S. coelicolor M145. Apramycin-resistant double-crossover mutants were confirmed by PCR.
Complementation of the xdhR mutant
The primer pair xdhRcom-pMS82-Forward/Reverse (Table S1 , Supporting Information) was used to amplify the whole xdhR gene fragment, including the xdhR coding sequence and its promoter. The PCR products were inserted into the pEasy-blunt vector (TransGen, Beijing, China), generating the intermediate recombinant plasmid pEasy-xdhR. After confirmation by DNA sequencing, xdhR from pEasy-xdhR was subcloned into HindIIIdigested pMS82, generating the recombinant plasmid pMSxdhR. The construct pMSxdhR was introduced into the xdhR mutant strain by conjugal transfer. Hygromycin-resistant transconjugants were confirmed by PCR, and the pMS82 vector was used as a negative control for complementation.
Determination of cell growth and ACT production
Determination of cell growth and production of ACT was carried out as described previously (Yu et al. 2012) . Suspensions of 1 × 10 7 pregerminated spores of M145, xdhR and the complemented strain xdhRcom were grown on YBP plates (7 cm in diameter), which were covered with cellophane and incubated at 30
For dry weight determination, cultures were harvested at different time points (36, 48, 60, 72, 84, 96 and 120 h) and then dried for 4 h at 80
• C.
For the quantitative analysis of ACT production, plate cultures were examined at seven time points (36, 48, 60, 72, 84, 96 and 120 h). The agar from each YBP plate was cut into small pieces, and then KOH was added at a final concentration of 2 M. After 1-3 h incubation at room temperature, the cultures were centrifuged at 14 000 rpm for 10 min, and then the optical density at 640 nm was determined.
For the quantitative analysis of intracellular ACT, the mycelium were harvested at seven time points (36, 48, 60, 72, 84, 96 and 120 h) . KOH was added at a final concentration of 1.5 M to the mycelium, which were then incubated 1-3 h at room temperature, and then centrifuged at 14000 rpm for 10 min before the optical density was determined at 640 nm. At least three separate repeated experiments were conducted to detect ACT production. 
Overexpression and purification of His-tagged XdhR
The xdhR gene of S. coelicolor M145 was amplified using primer pairs 1135-pET15b F/R (Table S1, Supporting Information) and then inserted into the pMD18T vector to generate the intermediate recombinant plasmid pMD18T-xdhR. After confirmation by DNA sequencing, xdhR from pMD18T-xdhR was cloned into the pET15b expression vector, producing the recombinant plasmid pET15b-xdhR. Finally, pET15b-xdhR was introduced into E.coli Transetta (DE3) for protein expression, following that the transformed strain was grown in 100 mL LB containing 100 μg/mL ampicillin at 37 • C to an OD 600 of about 0.6. The cultures were induced by adding isopropyl-β-d-thiogalactoside (IPTG) to a final concentration of 1 mM followed by incubation for 4 h at 30
• C. For the purification of His-tagged XdhR, the cells were harvested by centrifugation at 5000 × g for 10 min, washed twice with pre-cooling binding buffer (50 mM Tris-HCl, 200 mM NaCl and 20 mM imidazole, pH 8.0), and then re-suspended in 20 mL pre-cooling binding buffer containing 1% Triton X-100 and 0.1 mM Phenylmethanesulfonyl fluoride. The cell suspension was sonicated on ice, centrifuged at 10 000 rpm for 20 min at 4
• C, and the supernatant was recovered and loaded onto a Ni-NTA Sefinose Column (Sangon, Shanghai, China). After extensive washing with washing buffer (50 mM Tris-HCl, 200 mM NaCl and 30 mM imidazole, pH 8.0), His-tagged XdhR was specifically eluted from the resin with elution buffer (50 mM TrisHCl, 200 mM NaCl and 250 mM imidazole, pH 8.0). The purity of the eluted His-tagged XdhR protein was determined on a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel.
Real-time quantitative PCR
Real-time quantitative PCR was performed as described previously (Zhang et al. 2014) . Streptomyces coelicolor and its derivative strains were cultivated on 7-cm YBP plates covered with cellophane and incubated at 30 • C. After growth for 60 h, the mycelium were harvested, rapidly frozen in liquid nitrogen and then total RNA was extracted using an RNA extraction kit (SBSBIO, Beijing, China) and processed as recommended by the manufacturer. The samples were then treated with DNase I (TURBO DNA-Free kit-Ambion, Thermo Scientific, USA) to remove the residual DNA. The cDNAs were synthesized using the PrimeScript RT reagent Kit (TaKaRa, Japan). Real-time quantitative PCR assays were performed with SYBR Premix ExTaq (TaKaRa, Japan) using a Roche LightCycler480 thermal cycler. Relative quantities of cDNA were normalized for amounts of hrdB gene, which encodes the major sigma factor in Streptomyces. Sequences of primers used in this study are listed in Table S1 , Supporting Information.
Electrophoretic mobility shift assays
PCR was used to amplify 100-200 bp promoter fragments (P1-P7) of genes using genomic DNA of S. coelicolor M145 as template (primers are listed in Table S1 , Supporting Information). For determinating the XdhR binding sites, the 60 bp raw fragments or 60 bp fragments containing mutated bases, and their reverse complementary sequences (sequences are listed in Table S1 , Supporting Information) were synthesized by Sangon (Shanghai, China). The amplified DNA fragments and the synthesized 60 bp fragments were labelled at the 3'-end with biotin-11-UTP using the Biotin 3' End DNA Labelling kit (Thermo Scientific, USA), according to the manufacturer's instruction. Electrophoretic mobility shift assay (EMSA) reactions were carried out as described previously (Zhang et al. 2015) . Reaction mixtures were analysed on non-denaturing polyacrylamide gels. 
RESULTS
Deletion of the XdhR ORF results in increased production of ACT
A transposon Tn5 insertion generated a xdhR mutant of Streptomyces coelicolor that was defective in morphogenesis, overproduced antibiotics on rich media and failed to grow on minimal media (Sprusansky et al. 2003) . The same research team further reported that deletion of the xdhR ORF increased ACT production in S. coelicolor (Hillerich and Westpheling 2008) ; however, the mechanism by which XdhR affects ACT production was not further investigated. Here, a deletion of the xdhR ORF, xdhR, was constructed by using the targeted marker replacement method developed by Gust et al. (2003) ; a complemented strain, xdhRcom, was also constructed by expressing xdhR in trans through an integration site in xdhR (Fig. 1) .
During growth on different media (MS, MYM, MM, R2 and R2YE), no obvious phenotypic change was observed for xdhR when compared with the parental strain M145 (Fig. S1 , Supporting Information). Interestingly, antibiotic assays comparing ACT production of M145 and xdhR on YBP medium revealed that deletion of xdhR resulted in significantly increased ACT biosynthesis. As shown in Fig. 2 , both the wild-type strain M145 and the two derivative strains xdhR and xdhRcom began to produce the blue ACT on YBP medium when cultured for 60 h. The solid culture medium presented dark blue when cultured for 120 h, but xdhR exhibited a deeper dark blue than either M145 or xdhRcom. The quantitative analysis showed that the production of ACT in xdhR mycelium was almost 3-fold higher than that of wild-type M145 strain after 72 h growth on YBP plates (Fig. 3A) . The level of ACT secreted into YBP solid medium by xdhR was almost 2-fold higher than that produced by M145 after 60 h growth on YBP plates (Fig. 3B) . The ACT content of YBP solid media secreted by the xdhR mutants and M145 began to rapidly increase after 60 h growth on YBP plates, consistent with the phenotypic results described in Fig. 2 . In addition, the growth curve of xdhR showed no obvious change on YBP plates when compared with M145 (Fig. 3C) . Overall, the quantitative analysis indicated that the production of total ACT by xdhR was increased by approximately 2.5-fold compared to that of the wildtype strain (Fig. 3) .
XdhR regulates the expression of ACT biosynthesis genes
Sequence analysis of the S. coelicolor genome revealed that there are 23 genes (sco5070-sco5092) in the ACT cluster (Bentley et al. 2002; Taguchi et al. 2000) . The ACT cluster was shown in Fig.  4A . It has been reported that act II-2/3 formed an operon in the ACT cluster (Caballero, Malpartida and Hopwood 1991) . Besides, we proposed that there are another four putative operons (sco5072-5073, sco5074-5077, sco5078-5081 and sco5087-5092) according to the interval sequence among gene ORFs. Therefore, the 23 genes in the gene cluster are presumed to be transcribed into five monocistronic transcripts (sco5070, sco5071, act II-1, act II-4 and sco5086) and five polycistronic transcripts (four putative operons and one experimentally tested operon shown in Fig. 4A . To determine the effect of XdhR on the expression of ACT cluster genes, real-time quantitative PCR (RT-qPCR) was performed. The above five monocistronic transcripts and five polycistronic transcripts were detected through analysing the expression of sco5070, sco5071, sco5072, sco5074, sco5078, act III and sco5087, 10 genes that were chosen to represent the entire expression pattern of the ACT gene cluster. As shown in Fig. 4B , consistent with increased ACT biosynthesis in xdhR relative to M145, transcription of the ACT cluster genes in xdhR was significantly increased under the tested conditions. Overall, these data indicate that XdhR negatively regulates the expression of ACT cluster genes.
XdhR binds specifically to the promoters of actII-1 and actII-4
The above data indicate that deletion of xdhR activates the transcription of a consecutive set of 23 genes from sco5070 to sco5092, so we speculated that XdhR may interact directly with one or more of the promoters in the ACT gene cluster. To investigate the targets of XdhR, we amplified seven promoter fragments, which covered the upstream regions for 10 transcripts in the ACT gene cluster, to use as probes in EMSAs (Fig. 5A ), excluding genes that had only a very short or no intergenic region (sco5072-sco5073, sco5075-sco5077, sco5079-sco5081, sco5083-sco5084 and 
sco5087-sco5092).
A 6×His-XdhR expression vector was constructed and expressed in E. coli Transetta (DE3) for EMSAs (Fig. 5B ). When incubated with the purified His-tagged XdhR, obvious shifting was only observed with probes containing the intergenic regions upstream of actII-4 and actII-1 (Fig. 5C ), indicating that XdhR interacts with the promoters of actII-4 and actII-1.
XdhR was previously reported to bind the xdhABC-xdhR intergenec region (Hillerich and Westpheling 2008) . Further studies of this interaction based on EMSA assays has revealed XdhR bound to the intergenic region between xdhR and xdhABC with high affinity (Sivapragasam and Grove 2016) . Sivapragasam et al. had documented two binding sites of XdhR, each of the two binding sites overlaps 18 bp palindromic sequence (underlined): AACGGACAGTTGTCCGCT, AACTGGCTGTAGGCGGTG. We also checked if the two known binding sites of XdhR were conserved in the upstream regions of actII-1 and actII-4. According to the DNA analysis, we found a 14 bp palindromic sequence AACGGGCCACCGTT (named as SiteA) at the upstream regions (P5 fragment in Fig. 5 ) of actII-1 and another 18 bp palindromic sequence AGCACATTGAAATCTGTT (named as SiteB) at the upstream regions (P6 fragment in Fig. 5 ) of actII-4. Both SiteA and SiteB are similar with the known XdhR-binding site as described by Sivapragasam and Grove (2016) . We speculated that XdhR could specifically bind to the upstream regions of actII-1 and actII-4 through SiteA and SiteB, respectively. Then, to prove the point, the 60 bp single strand raw fragments containing SiteA or 60 bp single strand fragments containing mutated SiteA bases, and their reverse complementary sequences (Table S1 , Supporting Information) were synthesized. EMSA results showed that all the mutated SiteAs/SiteBs could not bind to XdhR, only the wide type SiteA/SiteB fragment can bind to XdhR (Fig. 6) , indicating that XdhR specifically bind to the upstream regions of actII-1 and actII-4 through SiteA and SiteB, respectively.
DISCUSSION
There is evidence to suggest that (p)ppGpp is required for the production of antibiotic ACT (Kang et al. 1998) . Further studies had proved that XdhR binding to intergenic DNA is attenuated by ppGpp (Sivapragasam and Grove 2016) . Nutritional starvation induces the stringent response due to the accumulation of (p)ppGpp (Ochi 1987; Strauch et al. 1991) . Here, we found that XdhR could specifically bind the upstream regions of actII-1 and actII-4. And this binding may also be attenuated by ppGpp or guanosine triphosphate (GTP). There is no obvious phenotypic change between xdhR and the parental strain M145 (Fig. S1 , Supporting Information) on solid mediums (MS, MYM, MM, R2 and R2YE), except on YBP solid medium. YBP solid medium contains beef extract, it is rich medium compared with the other five solid mediums. The relative nutritional deficiency in MS, MYM, MM, R2 and R2YE mediums may cause the accumulation of (p)ppGpp, and then affected the binding of XdhR to actII-1 and actII-4, therefore, affected the ACT production.
The ACT cluster not only encodes ACT biosynthetic proteins, but also encodes export and regulatory proteins (FernandezMoreno et al. 1991) . Tahlan et al. (2007) reported that intermediates such as (S)-DNPA (an intermediate in the actinorhodin biosynthetic pathway) in the ACT biosynthetic pathway might activate expression of the export genes (such as actII-2 and actII-3), thereby coupling export to biosynthesis. Transcription of all ACT cluster genes in xdhR was significantly increased (Fig. 4B ) compared with the wild-type strain, M145. Our results consist with Tahlans' point of bacteria co-ordinate the biosynthesis and export of secondary metabolites. The expression of actII-1, actII-2 and actII-3 were all increased in xdhR compared to M145, maybe it is because of the increased intermediate (S)-DNPA derepressed the ActII-1 on actII-2 and actII-3 genes.
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